with respect to the DNA strand to which the enzyme is bound. Some DNA helicases preferentially unwind if a forklike structure is adjacent to the duplex DNA (Li et al., 1992; Lohman 1993) , whereas others are inhibited by such structures .
Eukaryotic DNA helicases have been identified in Lilium (Hotta & Stern, 1978) , yeast (Sugino et al., 1986; Sung et al., 1987) , calf thymus (Hiibscher & Stalder, 1985; Thommes & Hiibscher, 1990; Downey et al., 1990; Zhang & Grosse, 1991; Bambara & Jesse, 1991; Siegal et al., 1992; Li et al., 1992) , mouse cells (Seki et al., 1987) , human cells (Tuteja etal., 1990 (Tuteja etal., ,1991 (Tuteja etal., ,1992 (Tuteja etal., ,1993 Seo etal., 1991) , and Xenopus laevis ovaries (Poll & Benbow, 1988) . The biological roles of most eukaryotic DNA helicases have I. We examined the length of fragment displaced and the directionality of DNA unwinding, and determined the minimum size of the 3' single-stranded DNA (ssDNA)1 tail adjacent to duplex DNA required for DNA unwinding. Escherichia coli ssb was shown to stimulate displacement of longer duplex fragments from branched substrates. X. laevis DNA helicase I was active at forklike structures and unwound duplex DNA with an absolute requirement for hydrolysis of either ATP or dATP (Poll & Benbow, 1988) . The X. laevis DNA helicase I unwinding activity was tightly associated with a DNA-dependent ATPase and dATPase activity. The effects of ATP7S, AMPPCP, and AMPPNP as well as CTP and NaCl on DNA unwinding activity were compared with the effects of these compounds on the copurifying DNA-dependent ATPase activity.
EXPERIMENTAL PROCEDURES Materials
Enzymes. X. laevis ovarian DNA helicase I was purified as described by Poll and Benbow (1988) . The experiments 1 Abbreviations: ssDNA, single-stranded DNA; dsDNA, doublestranded DNA; ATP7S, adenosine 5'-0-(3-thiotriphosphate); AMPPNP, adenylyl 5'-|8,7-imidodiphosphate); AMPPCP, adenylyl 5'-(/S,7-methylenediphosphonate); E. coli ssb, Escherichia coli single-strand DNA binding protein; HSSB, human single-strand binding protein; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
&copy; 1994 American Chemical Society 3842 Biochemistry, Vol. 33, No. 13, 1994 Poll et al. in this study were carried out with fraction VII enzyme. X. laevis DNA polymerases a\ and a2 were purified as described by Kaiserman and Benbow (1987) . Klenow (Wiekowski et al., 1988) . Thirteen picomoles of the 12-mer 5'-TCAC-GACGTTGT was hybridized to the indicated oligonucleotide (see Figure 3 ) in 10 jtL of 10 mM Tris-HCl (pH 8.0), 1 mM MgCl2, and 200 mM NaCl, as described above (molar ratio 1:2.5). The 12-mer primer was elongated in the presence of [a-32P] dATP and 5 units of Klenow fragment of E. coli DNA polymerase I as described (Stahl et al., 1986) (Poll & Benbow, 1988 
RESULTS
Directionality of DNA Unwinding. Substrates to determine the directionality of DNA unwinding were prepared as illustrated in Figure 1 . Using these substrates, X. laevis DNA helicase I efficiently displaced a 16-mer oligonucleotide from the 3' to 5' substrate with the same kinetics as from circular Ml3 DNA (Figure 2A ,B). X. laevis DNA helicase I was not able to efficiently displace a 16-mer oligonucleotide from the 5' to V substrate ( Figure 2C,D established by the data in Figure 2 was confirmed using small oligonucleotide substrates ( Figure 3 , and unpublished observations).
Size Requirement for the 3'ssDNA Tail Adjacent to Duplex DNA. In order to determine the minimum length of ssDNA extending 3' beyond the duplex region required for DNA unwinding, substrates with different length 3' ssDNA tails were prepared and assayed for DNA unwinding as described under Experimental Procedures. A 3' ssDNA tail of nine bases was sufficient to support 89% unwinding of duplex DNA ( Inhibition of DNA Unwinding Activity by Nucleic Acids.
Increasing concentrations of ssDNA, dsDN A, and RN A were added to the standard DNA unwinding reaction in order to determine the relative affinity of X. laevis DNA helicase I for various nucleic acids. As shown in Figure 4 , Ml3 ssDNA and calf thymus ssDNA both efficiently competed with the DNA helicase substrate (60% inhibition at 2.5 ng/juL nucleic acid). Calf thymus dsDNA and double-stranded M13 DNA also competed, though less efficiently (30% inhibition at 12.5 ng/jiL). The greater inhibition by calf thymus dsDNA relative to M13 RFI DNA at higher concentrations probably was the result of ssDNA regions in native calf thymus DNA (Seki et al., 1986) . As shown in Figure 4 , comparable amounts of MS2 RNA did not compete with the DNA helicase substrate. (Poll & Benbow, 1988 (Poll & Benbow, 1988 Activity then decreased at higher salt concentrations in parallel with DNA unwinding activity ( Figure 5B ).
Relationship between DNA Unwinding and DNA-Dependent ATPase Activities. As shown in Figure 5A , although CTP was a relatively strong inhibitor of DNA unwinding, it slightly stimulated ATPase activity. Similarly, the DNA unwinding activity, but not the associated DNA-dependent ATPase activity, was affected by salt concentrations up to 150 mM ( Figure 5B ). The differential sensitivities of DNA unwinding and DNA-dependent ATPase activities to various compounds (Table 2 and Figure 5A ,B) raised the possibility that these activities might copurify rather than correspond to intrinsic activities of X. laevis DNA helicase I. This possibility was further investigated by measuring thermal inactivation of the activities ( Figure 5C ). (Poll & Benbow, 1988) . The unwinding of longer duplex regions was investigated to determine the maximal length of fragment that was displaced. The oligonucleotides shown in Table 2 (Tuteja et al., 1993) and by calf thymus DNA helicases A (Thommes & Hiibscher, 1990 ) and E DNA contains an SV40 DNA replication origin (Wiekowski et al., 1988; Goetz et al., 1988) . In contrast, E. coli DNA helicase I requires a single-stranded region of approximately 200 nucleotides of ssDNA adjacent to duplex DNA (Kuhn et al., 1979) . Human DNA helicases II and IV require a single-stranded region of over 84 bases adjacent to duplex DNA to support unwinding (Tuteja et al., 1993) . DNA unwinding by X laevis DNA helicase I is supported by hydrolysis of ATP or dATP, and is not supported by ATP analogs or other nucleoside triphosphates (Poll & Benbow, 1988) . Addition of ATP analogs or nucleoside triphosphates to the DNA unwinding and DNA-dependent ATPase assays gives rise to complex effects (Table 1) . ATPyS inhibits both DNA unwinding and DNA-dependent ATPase activities. At high concentrations of ATPyS, however, the residual ATPase activity is 4 times higher than the residual DNA unwinding activity. ATP7S was previously reported to inhibit DNA unwinding by SV40 T antigen (Goetz et al., 1988) , and to inhibit the DNA-dependent ATPase activity of yeast RAD III protein (Sung et al., 1987a) . CTP significantly inhibits the DNA unwinding reaction, but slightly stimulated the ATPase reaction. Yeast RAD III protein DNA-dependent ATPase activity is inhibited by CTP but stimulated by dCTP (Sung et al., 1987) . CTP does not inhibit DNA unwinding by SV40 T antigen (Goetz et al., 1988) , although T antigen exhibits an affinity for CTP (Scheffner et al., 1989) .
It should be noted that the DNA unwinding activity of X. laevis DNA helicase I is far more sensitive to inhibitors than the DNA-dependent ATPase activity. Similar data have been obtained for the SV40 T antigen DNA helicase (Stahl et al., 1986) and HSSB-dependent DNA helicase from HeLa cells (Seo etal., 1991) . For example, T antigen specific antibodies that block the ATPase function block the DNA unwinding activity, but not necessarily vice versa. DNA unwinding requires hydrolysis of ATP, but ATP hydrolysis does not necessarily require DNA unwinding. A possible explanation for the differential effects of inhibitors on the X. laevis DNA helicase I DNA-dependent ATPase and DNA unwinding activities might be the presence of multiple ATPase activities in the most purified fraction. This is not likely, however, for the following reasons. The enzyme was extensively purified: during the last chromatographic step, the DNA-dependent ATPase activity copurifies with the DNA unwinding activity [ Figure 1 of Poll and Benbow (1988) ] and elutes at a high salt concentration from ssDNA-cellulose. The DNA unwinding and DNA-dependent ATPase activities cosediment in lowand high-salt glycerol gradients and coelute on Sephacryl S-300 (Poll & Benbow, 1988; unpublished observations (Lebowitz & McMacken, 1986 (Poll & Benbow, 1988) . With the addition of E. coli ssb, X. laevis DNA helicase I is able to unwind a 26-mer, with more efficient unwinding occurring when a 5' or 3' mismatched tail is present (Table 2) . These data are consistent with a slight stimulation by eukaryotic RP-A (single-strand DNA binding protein) of the displacement of larger fragments by DNA helicase E from calf thymus . We cannot rule out the possibility that X. laevis DNA helicase I unwinds even longer duplex regions in vivo. Although the length of fragment unwound by X. laevis DNA helicase I is only slightly increased (Poll & Benbow, 1988 (Benbow et al., 1985 (Benbow et al., , 1986 (Benbow et al., , 1992 , whereas in prokaryotes strand separation is tightly coupled to strand synthesis at replication forks.
The properties of X. laevis DNA helicase I (Table 3) are similar in some respects to those of human DNA helicase V and HSSB-dependent DNA helicase from HeLa cells (Tuteja etal., 1993; Seo etal., 1991) . The HeLa cell HSSB-dependent DNA helicase (Seo et al., 1991) Human DNA helicase V (Tuteja et al., 1993) (Table 3 ). In spite of these differences, we believe A", laevis ovarian DNA helicase I most closely resembles human DNA helicase V of all eukaryotic DNA helicases described to date.
